Surface application of manure on no-till farms can exacerbate P losses in runoff, contributing to the eutrophication of surface waters. We monitored 12 400-m 2 field plots over 4 yr to compare P losses in surface runoff and lateral subsurface flow with shallow disk injection and broadcast application of dairy manure. Given the substantial variability in annual P losses, as well as a gradual, annual buildup of residual soil test P, significant differences in runoff P losses were detected in only 1 of 4 yr: in 2014, total P losses in runoff were 68% greater from broadcast manure plots than injected manure plots. Dissolved and particulate P were roughly even in their contribution to runoff. Even so, there were significant relationships between annual dissolved P losses and P in the soil surface, which pointed to soils as a regular source of P in runoff. Overall, results confirm the potential for injection to reduce P loss in runoff relative to broadcast application, but because in a few sampling dates injection resulted in greater losses, this study also highlights the importance of assessing mitigation benefits of manure application practices over longer timeframes.
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Varying Influence of Dairy Manure Injection on Phosphorus Loss in Runoff over Four Years
Emad Jahanzad,* Louis S. Saporito, Heather D. Karsten, and Peter J. A. Kleinman M anure management is a water quality priority on dairy farms in the Chesapeake Bay watershed, where runoff from agricultural lands receiving manure is considered the largest source of P loads to the eutrophic bay. Dairy farms in this region have limited manure storage capacity and therefore must spread manure multiple times throughout the year, typically before planting corn (Zea mays L.) silage in the spring, and after harvest in the fall (Meisinger and Jokela, 2000) . It is generally believed that applying manure to soils in fall results in greater P losses in runoff than springtime application due to a lack of vegetative growth over winter and the long-time delay between fall application and crop uptake the following season (Milliron, 2016) . Notably, this concern has been associated with broadcast manure application, which leaves manure on the soil surface vulnerable to runoff interactions .
Various studies have documented the role of timing of runoff events relative to broadcast manure application on the potential for P runoff loss, attributing elevated P losses in earlier events as a function of "wash off " of manure P (Buda et al., 2013) . Over successive events, infiltrating rainfall translocates manure P into the soil where it is less available to runoff water (Vadas et al., 2017) . However, site hydrology, management, and weather variability may all serve to obfuscate these relationships (Buda et al., 2009 ). In particular, P loss dynamics over winter periods may be affected by soil cover, including snow, freeze-thaw, and other site properties influencing hydrology and P availability (Vadas et al., 2007; Liu et al., 2017) .
A variety of studies have concluded that manure injection decreases P loss in runoff (Kovar et al., 2011; Maguire et al., 2011) . However, many of these studies rely on rainfall simulation, evaluating manure injection under worst-case conditions that can inflate losses from surface application by simulating rainfall within several days of manure application (Johnson et al., 2011; Maguire et al., 2011; Liu et al., 2017) . Further, longer-term runoff monitoring studies are limited, and those that are available have not included factors that are common to the Chesapeake Bay region, such as fall application of manure, and rotation to perennial legume forages that often do not receive manure and serve to lower soil P (Daverede et al., 2004; Nord and Lanyon, 2003) .
To better understand how manure injection affects the risk of P loss in runoff from dairy farm soils in the Chesapeake Bay region, we report on a study monitoring runoff from large, field lysimeters (400 m 2 ) under no-till corn production. Ultimately, the objective was to evaluate whether injecting manure could mitigate P losses in both surface and subsurface pathways compared with broadcast application in no-till corn followed by a winter cover crop on steep, well-drained soils. However, a major impetus of the study was to elucidate the temporal nature of P loss under different manure application practices. (Braker, 1981) . Long-term average annual precipitation was 950 mm, and annual average temperature was 9°C.
Materials and Methods

Experimental Site
Runoff Collection and Experimental Design
A total of 12 field lysimeters (27 ´ 15 m, length ´ width), were established on a hillslope with the slope of 6.9 to 14.6%. (Fig. 1) . For hydrologic isolation of the site, an unmonitored tile drain was placed around the site perimeter and in each of the alleyways. For this perimeter drain, a 0.6-m-wide trench was excavated via a backhoe to bedrock. Surface flow from each lysimeter was directed to drains by 0.3-m-tall earthen berms, whereas subsurface flow was captured by polyvinyl chloride (PVC) tile drains placed along the bottom edge of each lysimeter just above the bedrock. Lysimeters were monitored for both surface flow and shallow lateral subsurface flow, with runoff collected from an outlet for surface runoff and shallow lateral flow for all 12 plots in two collection houses at the base of the hillslope. All pipes discharging to the houses were equipped with a tipping bucket-reed switch device (constructed in house) to quantify flows <0.75 L s −1 (average tipping bucket capacity = 1.5 L). Water flow exceeding 0.75 L s −1 was routed to a 10.1-cm HS flume where water depth was measured with a pressure transducer. Total flow for the event was then calculated by summing the flows from the tipper and the HS flume.
A Campbell Scientific CR10X datalogger recorded flow rates for all 24 collection lines at 5-min intervals. A slot along the bottom of each tipping bucket device allowed automatic collection of a composite subsample at a rate of 1:25 into a container mounted under the device floor. The container was then manually emptied, ideally within 24 h of a storm event. More details of the lysimeter design and water balance can be found in Duncan et al. (2017) .
Broadcast and injection manure application methods were each replicated six times in randomized plots. Manure was applied at an average rate of 53 Mg ha −1 in fall prior to planting winter wheat (FS801) or cereal rye (Aroostook), or in spring prior to corn (Table 1 ). Although application rates were held constant on a mass basis, due to fluctuations in manure quality, nutrient application rates ranged 2.6-fold for N and 2.2-fold for P (Table 1) .
Manure was applied with a 7500-L tanker, either using a sixunit splash plate applicator, with plates located ?1 m above the soil surface, or six Yetter 2986 series Avenger injectors, with a distance of 75 cm between units and an injection depth of ?10 cm. In spring of 2011, 2013, and 2016, 10 random soil cores were collected from 0-to 5-cm and 5-to 15-cm soil depths per treatment (broadcast and injection) per replication. Samples from each soil depth were then combined to obtain a representative sample for each treatment per replication.
Laboratory Analyses
Soil samples were air dried and sieved through a 2-mm mesh prior to analysis. Total P was determined by aqua regia digestion (Kimbrough and Wakakuwa, 1989) . Specifically, 0.5 g of soil was digested with 2.5 mL of aqua regia solution at 95°C for 2 h, followed by dilution to a 25-mL total volume with distilled water before filtering (Whatman No. 1). Mehlich-3 extraction was conducted by shaking 2.0 g of soil with 20 mL of Mehlich-3 solution for 5 min (Mehlich, 1984) , followed by filtration (Whatman No. 1). Phosphorus in all soil extracts was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES). Filtered (0.45 mm) and unfiltered runoff samples were used to measure dissolved and total constituents in the runoff. Total P was measured in unfiltered samples by aqua regia digestion (Kimbrough and Wakakuwa, 1989) , followed by P determination with ICP-OES. Dissolved P was determined on filtered samples by ICP-OES. Particulate P was estimated as the difference between total P and dissolved P. Total loads were calculated by multiplying the concentrations by the collected volume. To calculate loads on an area basis (kg ha −1 ), loads (kg) were divided by the area of each lysimeter plot.
Liquid dairy manure was analyzed for total P, water-extractable P, and dry matter content. Total P was analyzed by USEPA Standard Method 3050b (Kimbrough and Wakakuwa, 1989) , with 0.5 g of dry-weight-equivalent litter digested with 2.5 mL of aqua regia solution at 95°C for 2 h, followed by dilution with distilled water to a total volume of 25 mL prior to filtering (Whatman No. 1). To conduct water extraction, 1 g of dryweight-equivalent manure was agitated with 100 mL of distilled water on an end-over-end shaker for 60 min . The mixture was centrifuged (2900g for 20 min) to facilitate filtration, then filtered (Whatman No. 1). Phosphorus in aqua regia digests and water extracts was determined by ICP-OES. Dry matter content was determined by weight difference before and after drying (70°C drying temperature).
Statistical Analysis
Surface and subsurface P loss data (loads, kg ha −1 ) were logarithmically transformed to achieve a normal distribution. Runoff P losses, annual cumulative surface and subsurface losses, and soil test P were analyzed using Proc Mixed procedure of SAS with repeated measures (Littell et al., 1996; SAS Institute, 2009 ). Manure application methods, sampling dates, and the interaction of these factors were analyzed as fixed effects, and blocks and the interaction of blocks with main effects were random (Supplemental Table S2 ). To test whether the surface and subsurface P loss data measured at each sampling date and the annual total P losses could be pooled across years, for each variable, we assessed if the variance was similar among years by analyzing each year separately and comparing the variance between sets of 2 yr with a two-tailed F test at a = 0.01. Since the residuals differed significantly among years, the data for P losses each year were analyzed separately. Kenward-Roger degrees of freedom approximation was used for all PROC Mixed analyses, and a partitioned F test analysis of the least squares means was conducted to assess interactions and compare application methods using the Slice statement.
We regressed dissolved P with soil test P by application method to assess if soil test P predicted dissolved P. When regression coefficients were significant for both methods, we compared the relationship between dissolved P in annual runoff and soil test P by application method among the six replicates, by comparing the homogeneity of regression coefficients averaged across years between the manure application methods following Gomez and Gomez (1984) . The test computed linear regression coefficients for the soil test Mehlich-3 P and dissolved P relationship, and their residual sums of squares of each treatment for (Fig. 1a) , site layout (Fig. 1b) including runoff collection houses (teal color), and a schematic profile of the berms and drainage infrastructure associated with each field lysimeter (Fig. 1c) . surface and subsurface separately at the 0-to 5-cm soil depth. These results were the used to compute F values, which were compared with tabular F values to determine if the regression coefficients were the same. With the exception of annual P loss differences between treatments, statements of statistical significance in the text are based on a = 0.05. In the case of annual losses, due to the variability in runoff processes and in climatic conditions expected with a large-scale experiment of this nature, an a = 0.10 is warranted.
Results and Discussion
Precipitation and Hydrology
Annual precipitation ranged from 912 mm in 2015 to 837 mm in 2013, consistently below the historical long-term average of 1000 mm yr −1
. Seasonally, the majority of rainfall occurred during the spring months (March, April, and May cumulative average = 317 mm; Supplemental Fig. S1 ), which were wetter than the long-term average (255 mm). In contrast, summer, fall, and winter precipitation averages (236, 192 , and 132 mm, respectively) were less than historical averages (291, 252, and 207 mm). The size and distribution for each precipitation event between 2012 and 2015, excluding snowfall, ranged from 1 up to 68 mm d −1
. It is noteworthy that the remnants of extratropical cyclone Sandy deposited ?77 mm of rain over 28 and 29 Oct. 2012.
Runoff volumes from the lysimeters ranged widely. Slightly more runoff occurred as shallow subsurface flow (55% of total runoff ) than as surface runoff (45% of total runoff ) (data not shown). Two types of rainfall events were most commonly associated with runoff generation. The first consisted of low-intensity, long-duration events, including Extratropical Cyclone Sandy, which delivered 77 mm of rainfall and the third largest runoff volume observed over the study. Low intensity events exceeding 19 mm generated 18% of the total runoff over the 4-yr period (data not shown). The second category of runoff-generating events was intense rainfalls, such as the 17 July 2015 event that delivered 64 mm of rain in 4.5 h and had a peak 10-min intensity of 34 mm h −1 (Supplemental Fig. S1 ) Events exceeding 25 mm during 10-min peak intensity produced another 18% of the total surface runoff over the 4-yr period (Supplemental Fig. S1 ). Varying temperatures during the winters produced substantial snow melt (30% of the total runoff over the 4-yr period), particularly during the winters of 2014 and 2015. Snowmelt events contributed 0, 4, 86, and 45% of annual surface runoff and 0, 27, 7, and 42% of annual subsurface flow, respectively, over the winters of 2011-2012, 2012-2013, 2013-2014, and 2014-2015. 
Trends in Soil Test Phosphorus
Soil test P trends underscore the role of manure in building the fertility of soils within the field lysimeters. Surface soil test P concentrations measured in 2011, 2013, and 2016 reveal a linear accumulation of P from regular application of manure at rates exceeding crop uptake, as well as differences in the distribution of soil test P related to application method. Because P in the upper 5 cm is most frequently the source of soil test P to runoff water (Sharpley, 1995) , there is concern that management practices increasing the vertical stratification of soil test P may undermine positive soil and environmental benefits of no-till management (Baker et al., 2017) (Fig. 2) . Soil test P accumulated at a higher rate in surface samples (0-5 cm) than in subsurface samples (5-15 cm) for both application methods, but vertical stratification was consistently greater with broadcast application (Fig. 2) . In 2011, Mehlich-3 P concentrations in 0-to 5-cm samples averaged 53 and 35 mg kg −1 in the broadcast and injected manure treatments, respectively. After 4 yr of manure application, these concentrations increased in both treatments but were 49% higher with broadcast manure application than with injected manure application (150 vs. 101 mg kg −1 , respectively). Although Mehlich-3 P in the 0-to 5-cm samples and 5-to 15-cm samples were strongly correlated (r = 0.85), there was no significant difference between the broadcast and injection treatments at the deeper depth (5-15 cm), whereas there was a 51% increase in Mehlich-3 P with broadcast application compared with injection in topsoil (0-5 cm) in 2016.
Phosphorus Loss in Surface Runoff
As with runoff volumes, annual P losses in surface runoff fluctuated widely over the 4 yr ( Table 2) , which are relatively low compared with runoff P losses frequently assigned to agricultural lands in the region (e.g., Chesapeake Bay Program). Both dissolved P and particulate P contributed substantially to observed losses of total P in runoff. Over the first 2 yr of the study, an average of 55% of total P in surface runoff was in dissolved form, whereas in the final year, particulate P accounted for 60% of total P in runoff. In general, surface runoff P losses were not well related to annual precipitation. Rather, individual events were responsible for the majority of P loss in any given year. For instance, the largest P losses in surface runoff were observed in 2014 and 2015 ( Fig. 3c and 3d ) when large amounts of precipitation and snowmelt produced substantial P losses during winter months.
Significant differences in annual losses of total and dissolved P in surface runoff were observed between the two application methods in 2014 but not in the other years, reflecting the variability in surface runoff noted above, as well as the transition of soils from lesser to greater fertility status. Presumably, 2 yr of manure application and lower annual total P losses during 2012 and 2013 contributed to P accumulation on the soil surface, especially in the broadcast application method, and therefore significantly greater dissolved P and total P losses were observed in the broadcast application compared with the injected manure in 2014.
This study also illustrates how variability in runoff generation can mute the effect of a manure management practices on the timing of manure P runoff. Many of the studies documenting benefits of manure injection rely on rainfall simulations that are timed to periods shortly after manure is applied, maximizing the role of manure on the soil surface as a source of P in runoff. Here, the infrequent and unpredictable nature of natural rainfall and runoff events introduced other controls on P in runoff. Indeed, there was a significant effect of runoff sampling date on observed P losses in surface runoff, highlighting processes such as antecedent soil moisture conditions, snowmelt, and rainfall intensity on P loss in runoff. For instance, in 2015, a P loss peak was observed in the injection treatment on 12 March, when particulate P accounted for 87% of the total P loss (Fig. 3d) . This loss could be due to a poor rye cover crop stand and soil disturbance caused by the manure injection operation, as well as the planting and replanting of rye on 10 and 28 October, respectively. Rye cover crop biomass before termination in the spring averaged lower than the expected range for the northeast region (0.30 kg ha −1 ). This poor rye cover stand likely exposed the soil and manure particles to erosion of storm events during March 2015, possibly contributing to larger runoff volume compared with March 2014 (31,875 vs. 16,097 L) . On the other hand, on 22 April, another major loss was observed, where broadcast application resulted in larger total P losses than injection, and 94% of the losses occurred as the particulate P (Fig. 3c) . Greater surface losses in the broadcast application at this sampling date (mainly as the particulate fraction) were likely due to a major hail event that disturbed the surface applied manure from fall. Mina et al. (2017) also reported larger concentrations of dissolved organic C and estrogen in the surface runoff in the same site, which was mainly derived from the hail event on 22 April.
Large amounts of rainfall and snowmelt during winter and spring 2014 led to larger P losses from the broadcast treatment compared with the injection (Fig. 3c) . Dissolved P accounted for 65% of total P loss during this period, which may be due to the high concentration of soluble P in the soil surface from the previous fall's manure application. However, the large amount of surface flow during this period, roughly 12 times greater than the same time period in 2013 (16,097 vs. 1327 L), may also have been enriched with P from other sources. For instance, an extremely cold winter in 2014, with monthly averages of −6.5, −5.1, and −0.31°C (December, January, and February, respectively), likely also damaged aboveground dormant rye plant tissues, exacerbating dissolved P release from ruptured plant cells (Bechmann et al., 2005) . Also, 10 d after the rye cover crop was terminated in spring 2014, and 3 d after corn was planted, the largest spike in P loss occurred and more than half was particulate P (0.13 kg ha −1 , Fig. 3c) ; the absence of actively growing plants likely contributed to large losses of particulate P after this significant rainfall event. Even so, the emergence of significant differences in surface runoff P losses between manure application methods during this period suggests a dominant contribution of manure P from the broadcast plots. However, the contribution of manure P itself cannot be determined in the current study due to the lack of unmanured control plots.
In combination, measurements of surface runoff and soil test P point to benefits of manure injection over time. Averaged across years, for broadcast and injected manure, there was a positive relationship between soil test P at 0 to 5 cm and surface runoff P (Fig. 4a and 4b) . The significantly more positive slope relationship (p = 0.049) for 0 to 5 cm observed with soils where manure was broadcasted versus injected (surface runoff, Fig. 4a and 4b) is consistent with the hypothesis that P accumulation at the soil surface served as a principal source of dissolved P in runoff. Broadcast manure subsurface P runoff losses were also positively associated with soil test P at 0 to 5 cm (Fig. 4e, p = 0.0009) . In addition, P soil test at 5 to 15 cm was positively associated with both surface and subsurface P losses for broadcast manure (Fig. 4c and 4g , p < 0.05) but not injected manure (Fig. 4d and 4h ), indicating that dissolved P runoff was responsive to soil test P even at 5 to 15 cm when manure was broadcast on the surface, but not when it was injected. Due to the lack of control plots (without manure), we cannot assume that manure was the primary source of P runoff losses. Additional sources of P other than soil, such as direct erosion of manure solids, or flocs, from the upslope fields may also have contributed to P in runoff (Buda et al., 2009 ).
Subsurface Phosphorus Loss
Despite the larger volumes of lateral subsurface flow monitored by this study compared with surface flow, substantially smaller losses of P were observed in subsurface flow than in surface runoff. Losses ranged from 0.09 to 0.49 kg ha −1 yr −1
, ?30% less than in surface runoff (Table 2 ). Considerable particulate P was measured in shallow subsurface flow, ranging from 33 to 76% of total P loss. Some of this particulate P may derive from preferential flow pathways connecting the soil surface to the subsurface collection infrastructure, especially during the earlier period of the study when soils around recently installed drainage collection equipment were regaining structural stability after the disturbance of installation (Brock et al., 2007) . For instance, in 2012, 2 wk after manure application, 98% of total P loss in a runoff event occurred as particulate P (Fig. 5a ). Over time, as the infrastructure weathered in, dissolved P losses increased relative to particulate P (Table 2 ) and possibly due to increasing concentrations of Mehlich-3 P. Despite concerns related to the stabilization of subsurface monitoring infrastructure, significant differences in subsurface P loss were detected in 2014 and 2015 (Table 2) . As with surface runoff, broadcast manure application yielded significantly greater losses of total P in subsurface flow than did injection of manure. Notably, particulate P losses were significantly greater from broadcast manure application in both of these years, whereas dissolved P losses were greater in 2015 only (Table 2) .
Similar to what Baker et al. (2017) reported, the stratification of P on the soil surface from successive broadcast manure applications appears to have increased the risk of dissolved P moving to the subsurface via preferential flow pathways.
In general, the largest P losses were tied to one or two major storms during a particular year, and the differences in P loss between manure applications for that event dictated differences observed on an annual basis. Some events from earlier years did produce significant differences in P loss related to manure application method, but with the exception of greater annual dissolved P losses from broadcast manure in 2013, variability in subsurface flow between plots tended to obscure these differences over the course of the early years (2012 and 2013) . Again, as with surface flow, this study highlights a diversity of event-based factors controlling the risk of P loss in subsurface flow, from the size of the storm to the condition of the site, with the largest losses being frequently associated with storm events.
Combined Surface and Subsurface Phosphorus Losses
When both surface and subsurface losses were summed and total annual P losses were analyzed, years differed significantly and 2014 had the greatest losses among all years (Fig. 6) . Only in 2014 did total P losses differ significantly between manure application methods (0.40 kg ha −1 for broadcast manure and 0.16 kg ha −1 for injected manure). Surface and subsurface losses accounted for 54 and 46% of total P losses in 2014, respectively. Remarkably, 39% of the 2014 total P loss was observed on 14 May when soil was exposed to rainfall after rye termination and corn had been planted. Lack of plant cover and soil disruption by the corn planter likely amplified this loss after an intensive rainfall event.
Conclusion
Our results reveal an elevated risk of P runoff and subsurface loss from fields receiving surface applied manure application over 4 yr, even in well-drained, karst soils without a previous history of receiving manure. Broadcast application of manure was responsible for significantly greater P losses in both surface and subsurface flows, especially in 2014, a year with frequent, large precipitation events after 2 yr of manure applications and lower annual total P losses contributing to P accumulation on the soil surface. The losses were mainly derived from large precipitation events; however, there were times of the year when manure P was more prone to loss in both surface and subsurface flows. This was mainly observed when crops were not actively growing or established enough to provide sufficient soil cover, take up water and nutrients, and prevent losses after major rainfalls or snowmelt events. In addition, soil disturbance caused by equipment such as the corn planter might have played a role in plugging and disturbing the soil surface, and consequently exposing manure particles to runoff. Since this experiment was conducted on a site without a prior history of manure application, we cannot conclude how these manure application practices might compare after more years of manure applications. In addition, since "no manure application" on most livestock farms is not an option in the region, we did not include unmanured control plots in this study, which limits determination of the contribution of manure P to the losses.
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